Introduction
============

Maintaining the pulp vitality is crucial for apex closure of immature permanent teeth. Trauma or pulp infection can halt the development of an immature root and leave the apex open. Conventional treatments for such cases were to remove the pulp, use calcium hydroxide in the canal every three months to induce apexification, and obturation of the incomplete but apexified canal. Regenerative endodontic treatment is a new successful alternative for completion of the root development and apex closure (particularly when the pulp damage is due to trauma) through regaining the pulp vitality by differentiation of stem cells and continuation of mineralization \[[@B1]-[@B5]\]. It is advantageous over the conventional method, as unlike apexification, which needs numerous sessions of calcium hydroxide administration, it needs a short-term treatment period; also unlike apexification, this method induces physiological development of the root structure and increases in root length and thickness \[[@B5]-[@B9]\]. Root-end filling materials are a major part of these regenerative and open-apex treatments \[[@B1]-[@B3]\]. These materials are also used when the conventional (non-surgical) endodontic treatment fails and alternative root-end surgical approaches become necessary. They can affect the treatment success and thus they should have various proper characteristics such as dimensional stability, resistance to resorption and moisture, and adherence to cavity walls. Moreover, due to being in direct contact to live tissues, they need to be biocompatible and non-toxic in order to promote healing \[[@B1], [@B10]-[@B12]\]. Also as a part of the newly introduced "regenerative treatments", they should be able to induce differentiation of stem cells and motivate hard tissue formation \[[@B13], [@B14]\].

Several root-end filling materials have been marketed to replace the amalgam, which has drawbacks such as dimensional changes, corrosion, unsightly tattoos, and low biocompatibility \[[@B2], [@B12], [@B15]\]. These include mineral trioxide aggregate (MTA) and a recently introduced cement which is rich in calcium (calcium-enriched mixture or CEM cement) \[[@B2], [@B3]\]. MTA is a common root end filling material that despite proper biocompatibility has drawbacks such as a high price, long setting times, coronal discoloration, and not-easy handling \[[@B3], [@B10]-[@B12], [@B15]-[@B21]\]. To overcome some of these drawbacks, CEM cement was introduced; it has proper sealing abilities comparable or better than that of MTA \[[@B22], [@B23]\]. Unlike MTA, this cement can induce the formation of hydroxyapatite crystals similar to the standard crystals over its surface when stored in or close to normal saline \[[@B24]\]. Therefore, it might be better for bone morphogenesis or sealing the root apex which may be due to release of calcium and phosphor ions \[[@B25]\]. In addition, CEM can produce more hydroxyapatite crystals in phosphate buffered saline which is similar to the interstitial fluid \[[@B26]\]. Furthermore, it has important physicochemical and clinical properties such as shorter setting times, less coronal discoloration, better fluidity, and a smaller film thickness \[[@B22], [@B24]\].

Hard tissue formation in the vicinity of the root end filling materials requires the differentiation of pulp stem cells and activation of mineralization process \[[@B27]\]. Stem cells of apical papilla (SCAP) of the teeth play an important role in bone and dental tissue regeneration during treatments such as apexogenesis and regeneration of immature teeth. Odontogenic or osteoblastic differentiation of these cells is influenced by environment factors such as IGF-1, resin monomers, MTA and other chemicals that can induce mineralization \[[@B13], [@B14]\]. Studies on gene expression of stem cells under the influence of CEM are limited to few short term studies (mostly 3 days, with few 1- or 2-week periods) \[[@B28], [@B29]\]. Moreover the effects of MTA or other root-end filling materials on many osteogenesis-related genes are not evaluated before. Hence, this study was conducted to assess the effect of MTA, CEM cement, and Dulbecco's modified Eagle medium (DMEM) supplemented with osteogenic materials as positive control \[30\] on the differentiation and mineralization of SCAPs using quantitative real-time polymerase chain reaction (QPCR) of 4 genes and alizarin red methods during 3 weeks.

Materials and Methods
=====================

***Stem cell culture***

The apical papilla was collected from an impacted and immature third molar of a 16-year-old boy, extracted aseptically for reasons other than this research, and placed immediately in sterile Hank\'s solution (with Pen/Strep). The tooth was obtained with the consent of the patient and in accordance with the Helsinki declaration. Ethics of the study were approved by the ethics committee of Babol University of Medical ‎Sciences, Babol, Iran. The tooth was cleansed off debris and blood cells using ethanol, followed by PBS and HPSS.

The root apical papilla was gently withdrawn from the apex. After gently slicing the papilla tissue and adding 3 mg/mL of type I collagenase to it, it was incubated at 37^°^C for 3 h in order to separate the cells. Once the whole tissue was disintegrated in the collagenase solution, the culture was sieved through a 70 µm cell strainer (BD, USA) in order to create a homogenous cell suspension. The suspension was centrifuged at 250 g and 4^°^C for 7 min. The collected cells were cultured in DMEM-High Glc (Gibco, USA)+FBS 10% (Gibco, USA)+PenStrep %1 (Atocell, Austria), and incubated (37^°^C, 5% CO~2~, and 95% humidity). Every 2 days, the culture medium (10 mL) was refreshed after washing the cells with PBS in a 75-cm^2^ flask. This was done until the second passage \[[@B31]\].

***Stem cell characterization***

SCAPs gross morphology was evaluated using an inverted light microscope (Olympus, Tokyo, Japan). Expression of cell surface antigens CD45 (cat No.17-0459), CD34 (cat No.12-0349), CD73 (cat No.46-0739), CD90 (cat No.11-0909), and CD105 (cat No.17-105) in stem cells of apical papilla was assessed using flow cytometry (FACS Calibur Flow Cytometer, Becton Dickinson, CA, USA) and eBioscience kits (eBioscience, USA) .

![Shiny and live spindle-like stem cells derived from human apical papilla (SCAP) micrograph taken by inverted phase contrast light microscope (400×)](iej-13-094-g001){#F1}

***Preparation of material extracts and cell exposure***

One g from ProRoot MTA (Denstply Tulsa Dental, Tulsa, OK, USA) and 1 g from CEM cement (BioniqueDent, Tehran, Iran) were prepared in sterile condition according to the manufacturer's instructions, in a 24-well cell culture plate. Then they were left to be set according to the instructions of the manufacturers overnight in a humid CO~2~ incubator. Afterwards, 1 mL of plain culture medium (DMEM-High Glc) (Gibco Laboratories, Grand Is., NY, USA) was added to each well. The plate was incubated at 37 C, 5% CO~2~, and 95% humidity for 72 h. Then the supernatant medium was gently suctioned to be used for stem cell differentiation medium preparation by adding 10% FBS, 1% Pen/Strep, and supplementing with osteogenic reagents (50 mg/mL ascorbic 2-phosphat, 10 nM dexamethasone, and 3 mM β glycerol phosphate). The above 72 h extract of the two cements (supplemented with osteogenic reagents),‎were exposed to the cells (2 mL/well) in a 12-well plate for 72 h then repeated every 72 h up to 3 weeks. The experiments were carried in triplicates.

***Osteogenic and odontoblastic differentiation of stem cells***

Nine wells of a 12-well plate were used to culture the SCAPs of the 2^nd^ subculture. In each well, about 10^4^ cells were seeded and 2 mL of DMEM-high Glc supplemented with 10% FBS, 1% PenStrep was added to each well. Six of the 9 wells, were used for the test cements extracts in osteogenic medium, and 3 were used as positive control (osteogenic medium alone) (OS). As the negative control DMEM-High Glc medium supplemented with 10% FBS and 1% PenStrep was added to 3 remaining wells. Each plate was incubated for 3 weeks in a humid CO~2~ incubator and the freshly prepared media with/without extracts were replaced every 72 h.

***Alizarin red assessment of mineralization***

In the day 14^th^ and 21^st^, stem cells from each of 9 wells were stained with alizarin red. Then they were evaluated under light microscopy (Olympus, Tokyo, Japan) \[[@B30]\].

***Real-time PCR assessment of osteogenic and odontoblastic differentiation***

In the 14^th^ and 21^st^ days, stem cells from each well were sampled and subjected to RT-qPCR assessment. Cell differentiation was assessed using designed primers for cDNA of the following genes: alkaline phosphatase (ALP), dentine sialophosphoprotein (DSPP), osteocalcin (OSC), osterix (SP7), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH, as reference gene) \[31\]. Briefly, the RNA was extracted(TotalRNA Extraction Mini Kit, FavorGen, Taiwan). Its quality was assessed with electrophoresis on agarose gel and its pureness and concentration were assessed using a spectrophotometer (NanoDrop, Thermo, USA) at 260/280 nm wavelengths. After ensuring a proper quality of extracted RNA, corresponding cDNAs were replicated (CinnaGen First Strand cDNA Synthesis Kit). Expression of the above mentioned genes was assessed in 20 µL reaction mixture (cDNA product 1 µL+predesigned primers 0.5 µL+Milli-Q water 8.5 µL+Master Mix 10 µL) using real-time PCR method (ABI 7300, Super SYBR Green qPCR Master Mix 2x, FavorGen, Taiwan) for one cycle of 30 sec at 95 C followed by 40 cycles of 90 sec each (30 seconds at 95^°^C followed by 30 sec at 60 C and 30 sec at 72^°^C per cycle). A microarray designer software (AllelD 6.0, Premium Biosoft, Palo Alto, CA, USA) was used to design the sequence of the used primers ([Table 1](#T1){ref-type="table"}). Comparative CT method (2^ΔΔCt^) was used for analyzing the obtained qPCR data. The relative expression of each gene to GAPDH was compared in different groups at two time points

###### 

Primer sequences used in gene expression analyses

  **Gene**      **Sequence (5\' -\> 3\')**   **Product size (bp)**
  ------------- ---------------------------- -----------------------
  **ALP F**     ACAAGCACTCCCACTTCATCTGGA     126
  **ALP R**     TCACGTTGTTCCTGTTCAGCTCGT     
  **DSPP F**    CAACCATAGAGAAAGCAAACGCG      120
  **DSPP R**    TTTCTGTTGCCACTGCTGGGAC       
  **OSC F**     GGCGCTACCTGTATCAATGG         110
  **OSC R**     GTGGTCAGCCAACTCGTCA          
  **SP7 F**     TGCTTGAGGAGGAAGTTCAC         148
  **SP7 R**     AGGTCACTGCCCACAGAGTA         
  **GAPDH F**   GGTGGTCTCCTCTGACTTCAACA      127
  **GAPDH R**   GTTGCTGTAGCCAAATTCGTTGT      

***F*** *, forward;* ***R*** *, reverse*

![Results of flow cytometry, showing presence of mesenchymal stemness markers (CD90, CD73, and CD105) while lacking hematopoietic markers (CD34 and CD45) surface antigens](iej-13-094-g002){#F2}

***Statistical analysis***

The mean of expression fold change for different osteogenic genes, measured in triplicate, have been calculated and Statistical analysis consequent top air wise fixed reallocation randomization test *via* a complex Taylor algorithm using Relative Expression Software Tool (REST, version 2009, QIAGEN, Germany) were performed. One-Way ANOVA and unpaired *t*-test were performed using SPSS version 18.0 (SPSS, Chicago, IL, USA). Level of significance was predetermined at 0.05.

Results
=======

***Stem cell characteristics***

All images of light microscopy showed spindle-form stem cells morphology ([Figure 1](#F1){ref-type="fig"}). Flow cytometry showed expressions of CD73, CD90, and CD105 and lack of CD45 and CD34 expressions ([Figure 2](#F2){ref-type="fig"}).

***Alizarin red***

**Two weeks**

Microscopic evaluation showed more mineralization with MTA+OS (MTA within osteogenic medium), and less mineralization with CEM+OS compared to the positive control (OS) group, while could be seen with showed mineralization compared to MTA at this time point ([Figure 3](#F3){ref-type="fig"}).

**Three weeks**

MTA+OS and positive control groups showed different sizes of stained nodules ranging from smaller to larger nodules. However, CEM+OS showed only small nodules ([Figure 3](#F3){ref-type="fig"}).

***Real-time PCR***

**Two weeks**

After 2 weeks, all the evaluated 4 genes were significantly up-regulated in all 3 groups, except SP7 in control OS alone group (Figure 3).

**Three weeks**

After 3 weeks, all genes except ALP and OSC of CEM+OS group were up regulated ([Figure 3](#F3){ref-type="fig"}).

Discussion
==========

The findings of this study indicated that the differentiation medium alone or together with MTA or CEM extract could up regulate the expression of 4 evaluated genes crucial for bone or dentine formation. Actually the differentiation medium alone had the best results. The genes evaluated are responsible for osteogenesis and dentinogenesis. ALP plays an important role in mineralization of reparative dentin and is used for the detection of early osteogenic differentiation and bone turnover \[[@B32]-[@B35]\]. DSPP expression occurs once the collagenous predentin matrix is formed and is indicative of mature osteoblast and associated with dentinogenesis \[[@B35]-[@B39]\]. Osteocalcin is a major noncollagenous protein of dentin and bone which is secreted only by cells of mineralizing capacity (cementoblasts, odontoblasts, osteoblasts) and plays a regulatory role in the mineralization of hard tissue \[[@B35], [@B40]-[@B44]\]. The results of the current study regarding MTA were in line with earlier research showing increases in odontogenic, cementogenesis, and dentinogenesis activity \[[@B17], [@B28], [@B45]-[@B49]\].

![Micographs (10× magnification) of osteogenic differentiation of stem cells derived from apical papilla (SCAP) stained by alizarin red 14 & 21 days after exposure to: culture medium without osteogenic reagents (DMEM-OS), culture medium supplemented with osteogenic reagents (DMEM+OS), MTA extract in osteogenic medium (MTA+OS), and CEM extract in osteogenic medium (CEM+OS) (DMEM+OS)](iej-13-094-g003){#F3}

However, unlike other studies \[[@B17], [@B45], [@B46], [@B48], [@B49]\], CEM did not show an overall increase in the expression of these genes, which needs future studies.

A noteworthy finding was that after 3 weeks, the expressions in the CEM group were much lower than gene expressions observed in the differentiation medium alone (control group) or that with MTA extract. This might imply some adverse effect attributed to CEM that could reduce gene expression as a result of interfering with normal cell differentiation. CEM has shown to have proper effects in pulpotomy in long term \[[@B50], [@B51]\]. It has also been shown biocompatible within 1 day \[[@B30]\], 3 days \[[@B29], [@B52], [@B53]\], 1 week \[[@B54], [@B55]\], or 2 weeks \[[@B28]\]. In one study, it was shown that bone response to CEM cement implanted in rats might be similar to the response to implanted MTA one week post-surgery \[[@B48]\]. Ahangari *et al*. \[30\] compared MTA with CEM cement regarding the osteoblastic differentiation of bone marrow-derived mesenchymal stem cells by means of comparing the expression of alkaline phosphatase enzyme as well as type I collagen and osteocalcin. They reported no significant difference between the expression of type I collagen but a significant superiority of osteocalcin gene in the CEM group, indicating a higher potential of CEM compared to MTA in induction of mineralization \[[@B30]\].

According to the present study, although CEM can induce stem cell differentiation within 2 weeks, it might not increase gene expression more, in the third week. Since our study lacked methods capable of directly assessing cytotoxicity (like MTT assay), future studies are required to evaluate long-term cytotoxicity of CEM on SCAPs. On the other hand, MTA and positive control showed increasing upregulation of genes in both the second and third weeks. These results were confirmed by alizarin red staining that showed a prominent extent of mineralized matrices in MTA and control groups but not in CEM group, similar to another study \[[@B28]\]. The down-regulation of gene expression in CEM-exposed cultures to the existence of a negative-feedback loop in mRNA expression after initiation of mineralization; however, this needs future studies.

Biocompatibility of MTA is documented \[[@B3], [@B10]-[@B12], [@B15], [@B20], [@B21]\], and even it has been considered by some authors as the gold standard for assessment of biocompatibility of other root-end materials \[[@B1], [@B11], [@B56]\]. However, findings regarding its biocompatibility are actually quite controversial ranging from very good to extremely poor results \[[@B1], [@B3], [@B10]-[@B12], [@B15], [@B20], [@B21], [@B56]-[@B58]\]. It might stimulate upregulation of collagen and prostaglandin gene expression as well as induction of cell growth and production of more mineralized matrix, probably due to releasing high levels of calcium and silicate ions which are its main components \[[@B1], [@B12], [@B15], [@B18], [@B59]\]. It also might reduce inflammation and support cementum deposition \[[@B12]\]. However, the findings of contrasting studies denote that MTA might have suppressing effects on cell growth \[[@B57], [@B59]\], possibly due to discharge of cytotoxic ions such as aluminum and bismuth \[[@B59]\]. MTA is moisture-insensitive, can induce proliferation of fibroblasts and mineralization of osteoblasts, and seems to be biocompatible \[[@B58]-[@B60]\]. Freshly setting MTA may increase the pH of the culture from 7.2-10.2 after mixing, to 10.2-12.5 after 24 h; this can inhibit gene expression as well as causing cell lysis and medium protein denature in short term \[[@B2], [@B3], [@B58]\].

This study was limited by some factors. Unlike other studies, we did not compare gene expressions in different groups, because the groups were small (due to high accuracy of PCR), and not appropriate for conducting statistical tests. Again unlike previous studies which implied gene upregulation by comparing with control, we directly evaluated the upregulation of genes by comparing them with a combination of reference gene and negative control using a complicated statistical algorithm. We also provided 95% confidence intervals which are more flexible than *P*-values for comparing groups especially when the groups are of unknown sizes (in previous studies). Most previous studies have not reported the sample sizes, and we doubt PCR groups are greater than 3 or 4 specimens, which is not large enough for statistical comparisons of sufficient power.

![Expression fold change in different osteogenic genes relative to gene expression of GADPH **(**as negative control) acquired from ΔΔCt analysis procedure in qPCR test, \* *P*\<0.05 (t-test comparison with average of positive control)](iej-13-094-g004){#F4}

Conclusion
==========

The MTA extract in osteogenic medium up regulated the expression of the evaluated genes, especially osteocalcin. Although CEM extract showed elevated expression of genes compared to negative control in the second week, the gene expression was not enhanced further in the third week. The osteogenic medium alone showed an up regulating effect higher than that of MTA and CEM on all the evaluated genes except for osteocalcin (which was slightly lower than that of MTA). The SCAP mineralization of induced by MTA extract and osteogenic medium but not CEM was remarkable.
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